Most insects have simple eyes (ocelli), in addition to compound eyes. Although the ocelli can detect only changes in light intensity averaged over their large visual field, they do play various roles in the behavior of insects, as they have advantages over compound eyes in terms of photic sensitivity and the speed of signal transmission. I summarize here our present knowledge on the neural organization of ocellar systems of a number of insects, and propose that they can be classified into three types:
INTRODUCTION
Most adult insects usually have three simple eyes (ocelli), in addition to a pair of large compound eyes. These compound eyes are sophisticated visual organs responsible for functions that require good spatial resolution, including motion detection, pattern recognition, and color vision. In contrast, ocelli are capable of detecting only changes in light intensity averaged over a wide visual field (reviewed by Goodman, 1981) . Why do insects need simple photoreceptors (ocelli) even though they are equipped with compound eyes? While this question has not been fully resolved, recent anatomical, physiological and behavioral studies have revealed that ocelli are superior to compound eyes in terms of photic sensitivity and speed of signal transmission, thus supplement the functions of compound eyes (see Section 2; Wilson, 1978; Goodman, 1981; Mizunami, 1994 Insect ocellar systems have been well examined to study basic mechanisms of visual processing as detailed anatomical and physiological investigation is feasible (e.g. Chappell & DoMing, 1972; Goodman, 1981; Mizunami, Tateda & Naka, 1986; Mizunami, 1990a) . Neural organizations of ocellar systems have been described for more than eight species (Goodman, 1981) , and their functional diversity as well as general principles could be discussed. Extensive anatomical and physiological examinations have been made on the cockroach ocellar system (Mizunami, Yamashita & Tateda, 1982; Toh & Hara, 1984; Toh & Sagara, 1984; Ohyama & Toh, 1990a, b; Mizunami, 1995) , the findings of which provide a solid basis to make comparisons among insects.
I summarize here present knowledge on neural organizations of insect ocellar systems and discuss their functional diversity. First, I will briefly summarize basic functional properties and behavioral roles of insect ocelli, then the organization of interneurons of the cockroach ocellar system will be given attention. A comparison is made of findings in other insects, and insect ocellar systems are classified into three types from 444 MAKOTO MIZUNAMI their neural organizations. Three types of ocellar systems are discussed in terms of functional adaptation and possible evolutionary history.
FUNCTIONAL PROPERTIES OF THE INSECT OCELLAR SYSTEM
Insect ocelli possess high-aperture dioptrics which exhibit wide visual fields. Due to underfocusing of the ocellar lens, an object entering the ocellar visual field makes for a change in light intensity impinging on photoreceptor layers rather than on formation of an image (Goodman, 1981) . The ocellus contains a large number (usually several hundred) of photoreceptors which converge on a smaller number (usually several dozens) of large and small second-order neurons (Goodman, 1981) . Such a system is best suited for detection of small changes in light intensity integrated over a wide visual field (Wilson, 1978) . Indeed, electrophysiological (in locusts: Wilson, 1978) and behavioral (in bees: Schricker, 1965 ) studies suggested that photic sensitivity of ocelli is at least several times as high as that of compound eyes. Initiation and cessation of diurnal activities of insects often depends on levels of light intensity, and there is evidence that the ocelli perceive low light intensity for the control of diurnal activity (in bees : Schricker, 1965; in crickets: Rence, Lisy, Garves & Quinlan, 1988; moths: Sprint & Eaton, 1987; Eaton, Tignor & Holtzman, 1983; Wunderer & Kramer, 1989) . A high sensitivity of insect ocelli is attained, of course, at the cost of spatial resolution.
Another notable advantage of oceili over compound eyes is the higher speed of signal transmission (Goodman, 1981) . In bees, descending multimodal neurons receive ocellar inputs before the arrival of the delayed compound eye inputs (Guy, Goodman & Mobbs, 1979) . In locusts, ocellar components of the head motion response after the motion of an artificial horizon appeared earlier than the compound eye component (Taylor, 1981a) . One of the reason that ocellar signals reach the thoracic motor systems earlier than the compound eye signals is that the number of interneurons intervening between photoreceptors and the motor centers are much smaller in the ocellar pathway (Guy et al., 1979) . Another reason is that some interneurons of the ocelli (L-neurons) are among the largest in the insect nervous system, which allow for the faster transmission of signals (Wilson, 1978; Guy et al., 1979) .
The perfect suitability of insect ocelli for stability control in flight by detecting movement of the horizon, i.e. the contrast between the earth and sky, has been proposed by Wilson (1978) . He argued that the locust ocelli have a large receptive field directed horizontally, providing the animal with heavily blurred neural images of the skyline, where unwanted information about structural details are eliminated. The high speed of signal detection and transmission in the ocellar system is ideal for rapid course control. Pitch and roll deviation of the flight course are independently detectable by the combination of signals from three ocelli. Subsequent behavioral studies demonstrated the contribution of ocelli to flight course control in dragonflies (Stange, 1981) , locusts (Taylor, 1981a, b; Reichert, Rowell & Griss, 1985) and bees (Kastberger, 1990) , while in flies (Calliphora), the ocellar contribution was very weak (Schuppe & Hengstenberg, 1993) .
In conclusion, insects can successfully extend the range of visual stimuli to which they can respond as they are equipped with two fundamentally different visual systems, the compound eyes and ocelli, the former designed to attain good spatial resolution and the latter to attain a high photic sensitivity and a rapid signal transmission.
NEURAL ORGANIZATION OF THE COCKROACH OCELLAR SYSTEM
Cockroaches have only two ocelli with an extremely large visual field. The ocellar lens is very large (about 0.7 mm in diameter), perhaps the largest among known insects. The corneal lens is flat and is not useful as a dioptric apparatus but does serve as a window for photon entry. The number of photoreceptors contained in the ocellar retina is about 10,000 (Weber & Renner, 1976) , the largest number among insects, and the volume of the rhabdom is very large. There are no pigment cells to restrict the entry of photons into the rhabdom. Beneath the rhabdom layer there is a developed tapetal layer which reflects the light back to the rhabdom layer (Weber & Renner, 1976) . All these structural specializations are designed to improve light-gathering power, apparently an adaptation to a low light habitat.
A large number of the photoreceptors of the cockroach ocellus synapse onto second-order neurons at the ocellar plexus just beneath the rhabdom layer. Secondorder neurons exit the ocellar plexus and project into the ocellar tract neuropil of the brain [ Fig. I(A, E) ], where they make synaptic connections [ Fig. I(B D) ] to a number of third-order neurons, an example of which is shown in Fig. I(F) . Extracellular cobalt-fills showed that each ocellar tract neuropil contains at least 25 interneurons, 22 of which were successfully impaled with microelectrodes (Mizunami, 1995) . Twenty-five neurons, the gross morphologies of which are summarized in Mizunami et al. (1982) ; (2) 15 third-order neurons which project from the ocellar tract to a variety of neuropil areas of the brain (PS1-4, OL1-4, MAI, ALl and D1-2 neurons) Ohyama & Toh, 1990b; Mizunami, 1995) ; (3) two possible efferent neurons (labeled as SM) described by Ohyama and Toh (1990a) , which modulate the activity of afferent pathways; (4) three third-order or efferent neurons (OL5-6 and D3 neurons) (Mizunami, 1995) ; and (5) one neuron which remains to be characterized. The criteria to distinguish second-to third-order neurons are well established (Mizunami, 1990a) . Firstly, second-order neurons arborize in the plexus area of the ocellus [see 3. Schematic representation of ocellar pathways in the cockroach brain. Signals from ocellar photoreceptors are passed to second-order neurons at the ocellar plexus, and then passed to third-order neurons at the ocellar tract neuropil. Third-order neurons transmit ocellar signals to a variety of neuropil areas including (1) sensory centers, i.e. mechanosensory, visual, and olfactory centers; (2) higher associative centers including mushroom body and (3) premotor centers (posterior slope) from which descending brain neurons originate; and (4) thoracic motor systems.
synapses, while third-order neurons never invade the ocellar plexus (Mizunami et al., 1982; (Toh & Sagara, 1984; Toh & Hara, 1984) . Secondly, second-order neurons respond to ocellar illumination with a hyperpolarizing potential exceeding 30mV [ Fig. I(B) ; Mizunami et al., 1982] , the size of which decreases during applied hyperpolarization (Mizunami, 1990a) . In contrast, the hyperpolarizing response of third-order neurons to ocellar illumination is less than 10 mV [ Fig. I(B) ; and the amplitude increases when the neurons are hyperpolarized (Mizunami & Tateda, 1988) . Figure 3 summarizes the ocellar pathways in the cockroach brain. The signals from the ocellar photoreceptors are transmitted to four L-neurons at the ocellar plexus. Signals of L-neurons are then passed to at least 15 third-order neurons at the ocellar tract neuropil (and the ocellar nerve). The neuropil areas into which third-order ocellar neurons of the cockroach project are classified into four areas according to their functional roles. The first group are primary sensory, including the lobula and medulla of the optic lobe (visual), antennal lobe (olfactory), dorsal deutocerebrum and tritocerebrum (mechanosensory) (see Fig. 2 ). The second is the mushroom body, a higher associative center. The third is the posterior slope, a premotor center from which descending brain neurons control activities of thoracic motor systems (Strausfeld, 1976; Strausfeld & Bassemir, 1985) . The fourth are the thoracic motor centers which mediate locomotory behaviors. The multiplicity of target neuropil areas of third-order ocellar neurons of the cockroach suggests a multiplicity of function, which may include the modulation of the activity of each of the above four areas.
CLASSIFICATION OF NEURAL ORGANIZATION

OF INSECT OCELLAR SYSTEMS
Some features of the cockroach ocellar system differ from those reported for other insects. In bees (Apis (2) medulla (ME) and lobula (LO) of the optic lobe, visual centers where signals of the compound eyes are processed (OL1-4 neurons); (3) tritocerebrum (TC), a mechanosensory center (e.g. OL3, 4); (4) antennal lobe (AL), an olfactory center (ALl and MA1); (5) calyx (CA) of the mushroom body, a higher associative center (MA1); and (6) thoracic motor centers (D1, 2) (Mizunami et al., 1982; Ohyama & Toh, 1990b; Mizunami, 1990a Mizunami, , 1995 . Neurons labeled as SM are possible efferent neurons (Ohyama & Toh, 1990a ); OL5, OL6 and D3 are third-order or efferent (Mizunami, 1995) . project into a variety of target neuropils (Guy et al., 1979; Milde, 1986) . (C) In the locust (Schistocerca gregaria), some L-neurons project into the ocellar tract where they synapse onto third-order neurons, while other L-neurons project into the posterior slope (Simmons & Littlewood, 1989; Simmons & Littlewood, 1992) . A number of S-neurons originate from the ocellar plexus and project into a variety target neuropils (Goodman & Williams, 1976) . In the locust, thus, ocellar signals are transmitted to various target neuropils by both second-and third-order neurons.
mellifera) for example, some second-order L-neurons project into the posterior slope and others project into the thoracic motor systems (Pan & Goodman, 1977; Milde, 1986) , while in cockroaches, all L-neurons terminate in the ocellar tract, thus, third-order neurons continue to intervene until the signals of L-neurons are transmitted to the posterior slope or the thoracic motor systems [ Fig. 4(A, B) ]. EM studies (Guy et al., 1979) showed that the ocellar tract of the bee is a simple fiber tract, not an integration neuropil as is the case for cockroaches. In bees, a large number of small neurons (S-neurons) originating from the ocellus, most of which are considered to be second-order neurons, project into a variety of neuropil areas, including the posterior slope, optic lobe, tritocerebrum and mushroom body (Pan & Goodman, 1977; Goodman, 1981) , which are comparable to the projection areas of cockroach ocellar third-order neurons [ Fig. 4(A, B) ]. In contrast, no second-order S-neurons have been found in cockroaches. This indicates that the order of neurons which transmit ocellar signals to target neuropils differs between the two species, although the target neuropils to which ocellar signals are transmitted are similar. The ocellar system of bees can, thus, be termed a bisynaptic type since two synapses intervene when photoreceptor signals are transmitted to target neuropils, while those of cockroaches can be termed a trisynaptic type:
In the ocellar system of the locust (Schistocerca gregaria) [ Fig. 4(C) ], (1) some L-neurons terminate in the ocellar tract neuropil while others terminate in the posterior slope (Goodman, 1976 ); (2) EM studies (Simmons & Littlewood, 1989; Littlewood & Simmons, 1992) showed that the former (L1-3 neurons) make synapses onto third-order neurons in the ocellar tract neuropil, as for cockroach L-neurons, while the latter (L4-and 5-neurons) pass through the ocellar tract without making output synapses, as for bee L-neurons: (3) a large number of small neurons, most of which are considered to be second-order, originate from the ocellar plexus and project into a variety of neuropil areas of the brain (Goodman & Williams, 1976) , as for bees. The locust ocellar system, thus, has both bi-and trisynaptic pathways where ocellar signals are transmitted to some target neuropils by second-order neurons while they are transmitted to other neuropils by third-order neurons.
The differences in the organization of ocellar interneurons observed among different insects are not trivial considering functional properties of insect ocelli. There is evidence to suggest that insect ocelli are superior to the compound eyes in terms of speed and sensitivity (Wilson, 1978) , thus, playing major roles in their visual behavior (see Section 2). The higher speed of signal transmission in the ocelli compared to the compound eyes is due, in part, to fewer connections, and the higher sensitivity of ocelli mainly reflects the higher convergence from photoreceptors to second-order neurons (see Section 2). It appears that there are different compromises between the sensitivity and speed in the ocellar systems of different insects. The smaller number of neurons intervened in the bee ocelli, compared with those in the cockroach ocelli, possibly allows for a faster transmission of signals. In the cockroach ocelli, signals from a very large number of photoreceptors first converge onto only four neurons before they are transmitted to target brain areas. The convergence ratio is between 2500 and 10,000 depending on the number of neurons to which each photoreceptor makes synapse, the lowest estimate of which (2500) is still higher than the highest estimate for other ocelli studied so far (Goodman, 1981) . The high convergence ratio at the first synapse of the cockroach ocellus, as well as a number of its structural specializations discussed in Section 3, appears to be an adaptation to improve photic sensitivity. Indeed, studies of dark-and light-adapted L-neurons show that both the absolute and contrast sensitivities of cockroach L-neurons, measured using a greed LED (Mizunami et al., 1982; , are much higher than those of bee L-neurons measured under comparable conditions, while bee L-neurons can respond to events much faster (Baader, 1989) . One cannot reliably compare the sensitivity and speed of L-neurons of these insects to those for other insects because of differences in the light source used, thus, further comparative study is required. In conclusion, I propose that the bisynaptic ocellar system of the bee is characterized as a fast type and the trisynaptic ocellar system of the cockroach is characterized as a sensitive type. The ocellar system of the locust can be characterized as an intermediate type having both bland trisynaptic pathways, where both speed and sensitivity are likely to be important.
Large second-order neurons (L-neurons) of bisynaptic pathways appear to receive synapses from a larger number of photoreceptors than small second-order neurons (S-neurons), since dendritic arborizations of the former appear to cover wider areas of the ocellar plexus than the latter as illustrated in Fig. 4(B, C) . Thus, L-neurons in the bisynaptic pathways may form a channel to transmit "sensitive" signals to a few specific target neuropils, i.e. the posterior slope in the case of locusts (Goodman, 1976) and the posterior slope and thoracic motor centers in the case of bees (Pan & Goodman, 1977) , while all other target neuropils may receive "less sensitive" signals from a large number of S-neurons. This differs from the trisynaptic pathways where "sensitive" signals of L-neurons are transmitted to all target neuropils via third-order neurons.
Among the eight families of the six orders of insects in which the neural organization of the ocellar system has been reported in some detail, including dragonflies (Aeschna and Anax: Chappell, Goodman & Kirkham, 1978; Patterson & Chappell, 1980 ; reviewed by Goodman, 1981) , crickets (Acheta: Koontz & Edwards, 1984) , wasps (Paravespula: Kral, 1982 Kral, , 1983 , moths (Trichoplusia: , 1978 and flies (Musca and Calliphora: Strausfeld, 1976; Hengstenberg & Henstenberg, 1980; Strausfeld & Bassemir, 1985; N/issel & Hagberg, 1985) , the ocellar systems of all holometabolous insects examined (bees, wasps, moths and flies) can be classified as a bisynaptic type. Among the four hemimetabolous insects so far studied (dragonflies, locusts, crickets and cockroaches), the ocellar system of cockroaches can be classified as a trisynaptic type, and those of locusts and crickets as an intermediate type having both bi-and trisynaptic pathways. I classified the ocellar system of dragonflies as an intermediate type, although evidence to show that they have trisynaptic pathways is incomplete as there is a paucity in EM studies of the ocellar tract.
It is well established that the compound eyes and ocelli of insects inhabiting different visual environments often exhibit different properties. Autrum (1950) measured ERGs of the compound eyes of a variety of insects, and classified the compound eyes into two functionally different categories: fast and slow eyes. Fast eyes were found in diurnal, swiftly flying insects such as honeybees (Apis), wasps (Vespa), fleshflies (Calliphora), and dragonflies (Aeschna). They were characterized by a high flicker fusion frequency (the ability to resolve high rates of flicker) and a low photic sensitivity. Slow eyes, found in nocturnal insects such as cockroaches (Periplaneta) and cricket (Tachycines) were characterized by a low flicker fusion frequency and a high sensitivity. Ruck (1958) compared the ERGs of ocelli of three diurnal, swiftly flying insects, the dragonfly (Pachydiplax), honeybee (Apis), and fleshfly (Phormia) and one nocturnal, weak flyer, the cockroach (Periplaneta), and found that they can be classified into three types, not two types as is the case for compound eyes. He observed that: (1) the fleshfly and honeybee ocelli had a high flicker fusion frequency and a low absolute sensitivity, i.e. their ocelli were characterized a fast and less sensitive type; (2) cockroach ocelli were a slow and sensitive type; and (3) dragonfly ocelli were a fast and sensitive type. The observation fits the classification of neural organization of ocellar systems discussed here that proposes that fleshfly and honeybee ocelli are concerned more with speed than sensitivity, cockroach ocelli are concerned more with sensitivity than speed, and the dragonfly ocelli are concerned with both speed and sensitivity. This agreement between the properties of ERGs, which reflects, at least in part, properties of photoreceptors and the types of neural organization underneath the photoreceptors suggests that speed and sensitivity are indeed pertinent factors to determine the functional design of insect ocellar systems.
PUTATIVE EVOLUTION OF INSECT OCELLAR SYSTEMS
Does the present phyletic distribution of different types of ocellar systems reflect functional adaptation or evolutionary history? A notable observation related to this question is that moths, nocturnal insects, do not possess trisynaptic pathways, i.e. presumably sensitive pathways, although there is evidence to show that one of the major roles of their ocelli is to perceive low light intensity for the control of diurnal activity (Eaton et al., 1983; Sprint & Eaton, 1987; Wunderer & Kramer, 1989) . This apparent mismatch between the type of ocellar system and functional need can be explained if evolutionary change in the basic wiring of the ocellar system (which presumably requires a fundamental change in the developmental program) is less likely to occur than change in other characteristics of the ocellar system, thus, change in habitat often resulted in change in characteristics such as the ocellar lens and the number of photoreceptors but not the patterns of the neural wiring. By extending the assumption that change in the type of the neural organization occurred only rarely, consider the most parsimonious scheme where the present phyletic distribution of different types of ocellar systems are explained by evolutionary changes in the types of the ocellar system of twice (Fig. 5) . In the scheme, (1) the ocellar system of common ancestors of eight pterygote insects (dragonflies, locusts, crickets, cockroaches, honeybees, wasps, moths and flies) were the intermediate type containing both bi-and trisynaptic pathways; (2) the trisynaptic (sensitive type) ocellar system of cockroaches evolved by deletion of bisynaptic pathways of the intermediate type ocellar system of their ancestors; and (3) the ancestor of four holometabolous insects (flies, bees, wasps, and moths) attained a bisynaptic (fast type) ocellar system by deletion of trisynaptic pathways.
This hypothetical phylogenetic tree implies that a complex ocellar system having both bi-and trisynaptic pathways evolved earlier, from which simpler ocellar systems with only bi-or trisynaptic pathways emerged. This may not agree with a general principle of evolution that complex biological systems evolved from simpler systems, presumably by duplication and modification. Indeed, evolution by duplicating and modifying simpler systems has been proposed to account for the origin of some visual systems (Horridge, 1987) , including directionally-selective motion detection systems of insects (Mizunami, 1990b (Mizunami, , 1994 . Such evolutionary changes can be accounted for by gene duplication and deletion (Ohno, 1970) . However, another process of evolution may be that the ancestral ocellar system was designed simply to deliver ocellar signals to various target neuropils of the brain, regardless of speed or sensitivity, where ocellar signals are transmitted directly to the target neuropils in the vicinity of the ocellar plexus while they are transmitted via a relay center (ocellar tract neuropil) to remote neuropils. Such a loosely organized ocellar system may be functionally differentiated to form trior bisynaptic type ocellar systems of cockroaches or holometabolous insects, reflecting different functional needs for the sensitivity or speed. This type of evolutionary change can be accounted for by differentiation or alternation of the developmental program.
The classification of insect ocellar systems into three types and the discussion on possible phylogenetic relationships between them presented here are based on limited observations of either species, thus, study on a larger number of ocellar systems is required. Extension Palaeoptera Neoptera FIGURE 5. The phyletic distribution of different types of ocellar systems. The organization of ocellar interneurons has been reported in eight families from six orders of insects, which are dragonflies (Aeschna tuberriculifera and Anaxjunius; Odonata) (Chappell et aL, 1978; Patterson & Chappell, 1980) , locust (Schistocerca gregaria, Orphoptera) (Goodman, 1976; Goodman & Williams, 1976; Reichert et al., 1985; Simmons & Littlewood, 1989; Littlewood & Simmons, 1992) , crickets (Acheta domestica, Orphoptera) (Koontz & Edwards, 1984) , cockroaches (Periplaneta americana, Dictioptera, Blattaria), bees (Apid mellijera, Hymenoptera) (Pan & Goodman, 1977; Guy et al., 1979; Milde, 1986) , wasps (Paravespula t, ulgaris and P. germanica. Hymenoptera) (Kral, 1982 (Kral, , 1983 , moths (Trichoplusia hi, Lepidoptera) , 1978 , flies (Musca domestica and Calliphora erythrocephala, Diptera) (Strausfeld, 1976; Hengstenberg & Henstenberg, 1980; N~.ssel & Hagberg, 1985) . Ocellar systems of bees, wasps, moths and flies can be classified as a bisynaptic (B) or a fast type, the ocellar system of cockroaches as a trisynaptic (T) or a sensitive type, and ocellar systems of dragonflies, locusts and crickets as an intermediate type having both bi-and trisynaptic pathways (BT). The dendrogram is based on the research of Kristensen (1981 ) . In the most parsimonious evolutionary scheme, the ocellar system of the common ancestors was an intermediate type having
both bi-and trisynaptic pathways (1), from which ocellar systems of trisynaptic (2) and bisynaptic (3) types emerged.
of comparative studies of insect ocellar systems may lead to a better understanding of evolution of visual systems at the levels of synapses, neurons and neural circuits.
